1. Introduction {#s0005}
===============

Parkinson\'s disease (PD) is a neurodegenerative disorder characterized by muscle rigidity, bradykinesia, resting tremor, impaired posture and balance, and speech and writing changes ([@bb0145]). PD initially emerges as a unilateral disorder, such that symptoms begin on one side of the body and spread to the other, although symptoms continue to be worse on the initially-affected side throughout the disease process ([@bb0045], [@bb0095], [@bb0140], [@bb0165], [@bb0205], [@bb0255]). This lateralization is diagnostically important, as it allows PD to be distinguished from other neurodegenerative disorders including essential tremor ([@bb9000]), multiple system atrophy, and supranuclear palsy ([@bb0230]). Interestingly, the side initially affected in PD has been recently associated with symptom trajectories. Indeed, a large-scale prospective study showed that patients with a right-dominant (RD) symptom profile had significantly more rapid progression of motor symptoms compared to those with a left-dominant (LD) symptom profile ([@bb0020]). Patients with RD symptoms also showed significantly decreased muscle strength on both sides of the body compared to healthy controls, whereas LD patients showed no such differences ([@bb0065]). Finally, LD symptomatology has been associated with longer disease duration, indicative of an extended period of survival after diagnosis, as well as delayed ambulatory inhibition compared to RD symptomatology ([@bb0195]). Taken together, these findings suggest that the side of symptom onset may hold important implications for predicting symptom trajectory in PD, and thus formulating prognoses. Nonetheless, the nature of symptom asymmetry in PD, especially the degree of asymmetry (i.e., how unilateral or bilateral symptoms present) and its neurophysiological origin, remains to be characterized.

Various studies have demonstrated asymmetrical subcortical structure and function in patients with PD ([@bb0005], [@bb0040], [@bb0055], [@bb0160], [@bb0190], [@bb0210]). Overwhelmingly, researchers have found that the substantia nigra (SN) and putamen contralateral to the more affected side have greater degeneration and reduced dopamine uptake compared to homologous structures on the ipsilateral side. For example, [@bb0040] used ^1^H-MRS to determine various metabolite levels in the SN and putamen of patients with unilateral PD. They found decreased *N*-acetylaspartate to creatine ratios (NAA/Cr; indicative of neuronal impairment) in both structures contralateral to the affected side, irrespective of whether patients were LD or RD ([@bb0040]). Similarly, many PET studies have demonstrated reduced endogenous dopamine, as well as reduced dopamine uptake, in the basal ganglia contralateral to the affected side, and that this asymmetry persists when Parkinson\'s symptoms become bilateral ([@bb0025], [@bb0170], [@bb0210]). Most recently, diffusion tensor imaging in patients with PD has shown reduced fiber integrity throughout the nigrostriatal pathway, but especially contralateral to the more affected side ([@bb0265], [@bb0305]). In contrast to this subcortical work, very few studies have investigated potential neural asymmetries in the neocortex of patients with PD ([@bb0100], [@bb0200]). Overall, these studies show differential resting and movement-related neural activity in the hemisphere contralateral to the more affected side compared to the ipsilateral hemisphere, which suggests that these asymmetries transcend basal ganglia structures. However, these studies did not distinguish between RD and LD patients and thus, did not investigate whether the strength of such asymmetries might differ between these subtypes of patients with PD. Further, no study to date has connected the degree of symptom laterality to neural laterality in subcortical or cortical regions. Given the heterogeneity of symptom expression in PD and the substantial differences between RD and LD patient prognoses, understanding this relationship may provide critical new insight to disease progression.

A widely replicated finding in patients with PD undergoing deep brain stimulation (DBS) surgery is the presence of pathological beta activity (14--30 Hz) throughout the basal ganglia motor circuit ([@bb0030], [@bb0035], [@bb0105], [@bb0175], [@bb0180]). Such beta activity is known to be critical for successful movement execution and its inherent time course has been well characterized. Briefly, about 1.0 s prior to movement onset there is a strong decrease in cortical beta activity, which has been termed the beta event-related desynchronization (ERD) response. This response appears to be generated by the bilateral primary motor cortices (stronger contralateral to movement), with weaker activity in the parietal, premotor, and supplementary motor areas ([@bb0075], [@bb0130], [@bb0115], [@bb0110], [@bb0125], [@bb0155], [@bb0285], [@bb0280], [@bb0270], [@bb0275]). Approximately 0.5 s after movement offset, there is a strong resynchronization of beta activity that lasts approximately 2.0 s, termed the post-movement beta rebound (PMBR; ([@bb0075], [@bb0125], [@bb0155], [@bb0270], [@bb0275])). The beta ERD and PMBR have been reliably associated with movement planning/selection and active motor termination operations, respectively ([@bb0015], [@bb0010], [@bb0050], [@bb0085], [@bb0110], [@bb0115], [@bb0225], [@bb0250]), and are strongly modulated in the healthy aging brain ([@bb0115], [@bb0215]). Importantly, recent work from our laboratory using noninvasive magnetoencephalography (MEG) has demonstrated pathologically-reduced beta activity in the motor cortices of patients with PD compared to healthy controls, both at rest and during transient movement ([@bb0120], [@bb0125]). Specifically, we found reduced beta ERD (i.e., weaker suppression relative to baseline) and marginally reduced PMBR amplitude (i.e., less increase from baseline) in patients with PD compared to healthy controls. Taken together, these data indicate that beta oscillatory activity is critical to the dysfunction seen in motor circuits, and the overall pathophysiology of PD.

The primary goal of the current study was to determine whether symptom laterality in patients with PD (i.e., LD or RD) is associated with distinct aberrations in motor-related beta activity. To this end, we collected high-density MEG to examine oscillatory activity during two movement tasks in right-handed patients with PD who had either a LD or RD symptom profile. Movement-related beta oscillatory responses were then imaged using beamforming, and the level of symptom asymmetry was quantified using the Unified Parkinson\'s Disease Rating Scale (UPDRS). These data were then used to evaluate the relationship between neuronal activity and symptom asymmetry. Consistent with recent clinical studies showing differences in LD/RD patients, we hypothesized that patients who were LD would exhibit significantly stronger (i.e., more negative) beta ERD activity, as well as stronger (i.e., more positive) PMBR activity, compared to patients who were RD. The directionality of this hypothesis is in line with prior neurophysiological research showing that patients with PD have reduced motor-related responses compared to healthy controls ([@bb0125], [@bb0200]); thus, it is intuitive in this population that stronger motor-related responses are indicative of a "healthier" motor system. Secondly, we hypothesized that the pattern of neural asymmetry would reflect the pattern of symptom asymmetry across the two patient groups.

2. Methods {#s0010}
==========

2.1. Subject selection and behavioral testing {#s0015}
---------------------------------------------

We studied 27 right-handed adults (4 females) with well-documented PD. Four participants were excluded from analysis due to artifacts in their MEG data (2 participants) or no significant movement-related oscillatory response (1 participant). An additional participant was excluded due to the discovery of exclusionary criteria post-enrollment. The mean age of the remaining patients was 64.74 years (range: 52--78 years; see [Table 1](#t0005){ref-type="table"}). All participants had been prescribed a regularly-monitored and unchanged dosage of antiparkinsonian medication for at least 2 months prior to study enrollment, and had showed a satisfactory clinical response to the particular antiparkinsonian medication(s). Exclusionary criteria included any medical illness affecting CNS function, neurological disorder(s) besides PD, history of head trauma, and current substance abuse. After complete description of the study to participants, written informed consent was obtained following the guidelines of the University of Nebraska Medical Center\'s Institutional Review Board, which approved the study protocol.Table 1Clinical and demographic characteristics.Table 1Subject IDAge (yrs)SexDisease duration (yrs)PD medications (type, dose)(MDS)-UPDRS-III162M4Pram (4.5 mg), Ras (1 mg)22270M--Pram (1.5 mg), CD/LD (25/100 mg)17352M9CD/LD, Rop62461M--Rop (1 mg)15560M1Rop (1 mg)27672F9Rop13764F8Ras (1 mg) CD/LD (25/100 mg)34867M3CD/LD (25/100 mg)23969M--CD/LD (50/200 mg)521069M--CD/LD371152M6Rop (8 mg)141264M7CD/LD (25/100 mg), Aman281375M8CD/LD (25/100 mg)291464M7CD/LD (10/100 mg), Rot (8 mg)531561M8CD/LD (25/100 mg), Pram (1.5 mg), Sel (2 mg)351655M6CD/LD (25/100 mg)211778F16CD/LD (25/100 mg)361873M8CD/LD (25/100 mg), Rot (4 mg)541955M9Pram (1 mg), CD/LD (25/100 mg), Sel (5 mg)602066M5Rop (3 mg), Ras (1 mg)402161M3CD/LD (25/100 mg), Pram (1 mg)572267M5CD/LD (25/100 mg)362372M8CD/LD (25/100 mg)3924[a](#tf0005){ref-type="table-fn"}54F6Pram (4.5 mg), CD/LD (25/100 mg)2725[a](#tf0005){ref-type="table-fn"}76M4Ras (1 mg), CD/LD (50/200 mg)3526[a](#tf0005){ref-type="table-fn"}57M3Aman (100 mg), CD/LD (25/100 mg)3127[a](#tf0005){ref-type="table-fn"}75M--Pram (0.5 mg), CD/LD (25/100 mg)17[^1][^2]

Parkinsonism was measured by a certified rater using either the UPDRS (12 patients) or the Movement Disorders Society-sponsored revision of the UPDRS (MDS-UPDRS ([@bb0080]), 11 patients) in the practically-defined "off" state, which means following at least a 12-hour holiday from antiparkinsonian medications. In order to identify left- or right-dominance of symptoms, scores from each item on the (MDS-)UPDRS Part III that contained both a right and a left side component (e.g., right upper limb resting tremor, left upper limb resting tremor) were extracted, which provided left and right motor subscores for each individual. Symptom asymmetry was calculated using each patient\'s motor subscores by subtracting the total symptom score from the right side from the total symptom score from the left side. Negative values of symptom asymmetry (LI~p~) indicated LD of symptoms, while positive values indicated RD. Using this calculation, we divided our patient group by asymmetry of symptoms, such that 12 patients with PD exhibited symptoms that were LD (1 female), and 11 had symptoms that were RD (2 females). These groups were matched on sex, age, and whether their Parkinsonism had been rated using the UPDRS or the MDS-UPDRS (UPDRS: 6 of 12 LD patients; 5 of 11 RD patients). There was no significant difference in the sum of left and right UPDRS subscores between LD and RD patients with PD, *t*(21) = 1.749, *p* = 0.095, which ensures that disease severity was uniform between groups.

2.2. Experimental paradigm {#s0020}
--------------------------

All patients were scheduled for MEG early in the morning (i.e., 07:30--08:00) and a minimum of 12 h since their last dose of antiparkinsonian medication. During MEG recording, participants were seated with both arms resting on a table attached to their chair. Dual-plane accelerometer chips (Analog Devices Inc., model: ADXL103) were attached to each index fingertip to precisely quantify movement onset and the rate of acceleration (see [Section 2.4](#s0030){ref-type="sec"}), and to continuously monitor for intermittent tremor. Participants were instructed to fixate on a cross hair presented centrally and to perform a single tap of the right (or left) index finger each time a dot reached the 12 o\'clock position ([Fig. 1](#f0005){ref-type="fig"}). This dot completed one full revolution, around a clock-like circle without numbers or tick marks every 6 s, which constituted one trial ([@bb0125], [@bb0285], [@bb0280], [@bb0270]). Left and right index finger movements were completed in separate blocks, with the order being randomized between participants. Each patient performed at least 105 trials for each task, and the total recording time was \~ 22 min. Of note, 19 patients (10 LD, 9 RD) completed both tasks, while the other four (2 LD, 2 RD) performed only the right finger-tapping task.Fig. 1Motor task design. Participants fixated on the cross hair as the red dot moved in a clock-like rotation, displacing each green dot in turn. The red dot made one full rotation every 6 s. Participants were instructed to tap their left or right index finger each time the red dot reached the blue area. Left and right index finger movements were performed in separate blocks, and block order was randomized between participants.Fig. 1

2.3. MEG data acquisition & coregistration with structural MRI {#s0025}
--------------------------------------------------------------

All recordings were conducted in a one-layer magnetically-shielded room with active shielding engaged. Neuromagnetic responses were sampled continuously at 1 kHz with an acquisition bandwidth of 0.1--330 Hz using an Elekta MEG system with 306 magnetic sensors (Elekta, Helsinki, Finland). Using MaxFilter (v2.2; Elekta), MEG data from each patient were individually corrected for head motion and subjected to noise reduction using the signal space separation method with a temporal extension ([@bb0235], [@bb0240]). Each participant\'s MEG data were coregistered with structural T1-weighted MRI data prior to source space analyses using BESA MRI (Version 2.0). Structural MRI data were aligned parallel to the anterior and posterior commissures and transformed into standardized space. After beamformer analysis, each subject\'s functional images were also transformed into standardized space using the transform applied to the structural MRI volume and spatially resampled.

2.4. MEG time-frequency transformation and statistics {#s0030}
-----------------------------------------------------

Cardiac artifacts were removed from the data using signal-space projection (SSP), which was accounted for during source reconstruction ([@bb0260]). The continuous magnetic time series was divided into epochs of 4.5 s duration, with 0.0 s defined as movement onset and the baseline defined as the − 2.0 to − 1.2 s time window (i.e., before movement onset). Movement onset was defined using the dual-plane accelerometers, which were attached to each index finger and digitized along with the MEG data at 1 kHz. The onset of movement was determined and quantified by a sharp increase in the amplitude of the accelerometer signal attached to the index finger being moved. Epochs containing artifacts were rejected based on a fixed threshold method, supplemented with visual inspection.

Artifact-free epochs were transformed into the time-frequency domain using complex demodulation (resolution: 2.0 Hz, 25 ms) and the resulting spectral power estimations per sensor were averaged over trials to generate time-frequency plots of mean spectral density. These sensor-level data were normalized by dividing the power value of each time-frequency bin by the respective bin\'s baseline power, which was calculated as the mean power during the − 2.0 to − 1.2 s time period. The specific time-frequency windows used for imaging were determined by statistical analysis of the sensor-level spectrograms. Each data point in the spectrograms was initially evaluated using a mass univariate approach based on the GLM. To reduce the risk of false positive results, a two-stage procedure involving nonparametric permutation testing was followed to control for Type 1 error. In the first stage, one-sample *t*-tests were conducted on each data point and the output spectrogram of *t*-values was thresholded at *p* \< 0.05 to define time-frequency bins containing potentially significant oscillatory deviations across all participants. In stage two, time-frequency bins that survived the threshold were clustered with temporally and/or spectrally neighboring bins that were also above the (*p* \< 0.05) threshold, and a cluster value was derived by summing all of the *t*-values of all data points in the cluster. Nonparametric permutation testing was then used to derive a distribution of cluster-values and the significance level of the observed clusters (from stage one) was tested directly using this distribution ([@bb0060], [@bb0185]). For each comparison, at least 10,000 permutations were computed to build a distribution of cluster values. Based on these analyses, the time-frequency windows that contained significant oscillatory events across all participants and corresponded to those of a priori interest (e.g., beta ERD, PMBR) were subjected to the beamforming analysis. Further details of this method and our processing pipeline can be found in recent papers ([@bb0125], [@bb0285], [@bb0290]).

2.5. MEG imaging {#s0035}
----------------

Cortical networks were imaged through an extension of the linearly constrained minimum variance vector beamformer ([@bb0090]), which employs spatial filters in the frequency domain to calculate source power for the entire brain volume. The single images were derived from the cross spectral densities of all combinations of MEG gradiometers averaged over the time-frequency range of interest, and the solution of the forward problem for each location on a grid specified by input voxel space. Following convention, the source power in these images was normalized per participant using a separately averaged pre-stimulus noise period of equal duration and bandwidth ([@bb0135]). MEG pre-processing and imaging used the Brain Electrical Source Analysis (BESA version 6.0) software. Normalized source power was computed for the selected time-frequency bands over the entire brain volume per participant at 4.0 × 4.0 × 4.0 mm resolution. Beamformer images were then averaged across participants, and coordinates corresponding to peak responses were identified for the left and right hand individually. We extracted virtual sensors corresponding to the peak voxel per region and task, and these were used to statistically evaluate neuronal activity in these brain regions between groups.

2.6. Statistical analysis {#s0040}
-------------------------

Oscillatory power for each response was extracted from the virtual sensors by averaging the total power over the same time-frequency bins that were determined previously by statistical analysis of the sensor-level data (see below). A linear mixed-model design was then employed in order to determine the relationship between side of movement (left or right index finger), hemisphere of response (contralateral or ipsilateral to movement), and affected side (LD or RD). Briefly, a linear mixed-model offers advantages over the general linear model, especially in cases of repeated-measures designs of unbalanced data ([@bb0150]). Finally, correlations were computed to further resolve the relationship between variables on the patient level. All statistical analyses were performed using IBM SPSS Statistics (Release 23.0.0, Armonk, NY).

3. Results {#s0045}
==========

All participants successfully completed the tasks. Across both groups, an average of 94.68 (SD: 10.44) artifact-free trials were used in the right hand analysis and 97.32 (SD: 9.32) were used in the left hand analysis. There were no significant differences between LD and RD groups on the number of trials used in either analysis, right hand: *t*(20) = 0.420, *p* = 0.679, left hand: *t*(17) = 1.030, *p* = 0.318. There were also no significant differences within group in the number of trials used per hand for those who performed both tasks, *t*(17) = 0.548, *p* = 0.591.

3.1. Sensor-level results {#s0050}
-------------------------

Sensor-level time-frequency spectrograms indicated the typical response pattern of peri-movement beta desynchronization followed by a PMBR in all patients. These spectrograms were statistically examined using one sample *t*-tests (across both groups) to derive the precise time-frequency bins for beamforming and subsequent virtual sensor analyses. Significant peri-movement beta ERD was found in a large number of sensors near sensorimotor regions in the 14--24 Hz range from about 1.0 s before movement onset until about 0.3 s after movement onset (*p* \< 0.0001, corrected). There was also a significant beta synchronization (i.e., PMBR) that extended from about 0.5 s to 2.0 s after movement (*p* \< 0.0001, corrected). To identify the neural origin of the beta ERD and PMBR, we imaged the time-frequency bin that showed the highest amplitude responses across all participants (Beta ERD: − 0.3 s to 0.2 s, 14--24 Hz; PMBR: 0.7 to 1.5 s, 14--24 Hz).

3.2. Neuroanatomical results {#s0055}
----------------------------

Analysis of the beamformer images of each group revealed strong desynchronization and subsequent rebound both centered on the motor hand knob region ([@bb0300]) of the precentral gyrus contralateral to movement, as well as a smaller cluster in the same region of the ipsilateral hemisphere ([Fig. 2](#f0010){ref-type="fig"}). Peaks for the beta ERD and PMBR were distinct, in agreement with prior literature ([@bb0070], [@bb0155]). The beta ERD time courses for the peak voxel per hemisphere (ipsi- and contralateral) and hand (i.e., left and right) are shown in [Fig. 3](#f0015){ref-type="fig"}; the time series of the PMBR responses followed a very similar trajectory to those of the beta ERD activity. A linear mixed model was employed to determine the effects of and interactions between affected side (LD, RD), side of movement (left, right), and hemisphere (contralateral, ipsilateral) on beta ERD power and PMBR power, separately. The model of beta ERD power was significant, *F*(7,74) = 5.433, *p* \< 0.001, and there was a significant main effect for each factor (affected side: *F*(1,74) = 11.119, *p* = 0.001); hand: *F*(1,74) = 16.023, *p* \< 0.001; hemisphere: *F*(1,74) = 6.491, *p* = 0.013). No interactions between the variables were significant. Follow-up testing of model contrasts revealed that LD patients had significantly stronger (i.e., more negative) beta ERD responses, regardless of which finger was moved or hemisphere of response (*t* = 3.064, *p* = 0.003). Further, beta ERD responses were stronger on the side contralateral relative to the ipsilateral to the movement (*t* = 2.337, *p* = 0.022). Finally, both LD and RD patients showed stronger beta ERD in both the contralateral and ipsilateral precentral gyri when moving their left finger compared to their right finger (*t* = 3.861, *p* \< 0.001). The linear mixed model of PMBR power was marginally significant, *F*(7,74) = 1.926, *p* = 0.077. The main effect of affected hand was significant, *F*(1,74) = 8.464, *p* = 0.005, but no other effects or interactions were significant (though a three-way interaction (affected hand, hand moved, and hemisphere) was marginal, *F*(1,74) = 3.815, *p* = 0.055). Follow-up contrast testing showed that LD patients exhibited stronger PMBR responses compared to RD patients, regardless of hemisphere or finger moved (*t* = 2.266, *p* = 0.027). Full results of each model can be found in [Table 2](#t0010){ref-type="table"}.Fig. 2Peri-movement beta ERD and PMBR for patients with Parkinson\'s disease who exhibited left-dominant and right-dominant symptomatology. Group mean beamformer images (pseudo-*t*) of beta activity are shown for both the left-dominant (LD; left) and right-dominant (RD; right) patient groups. Peak voxels are denoted with a yellow dot. The top panel shows mean images of the a) right hand beta ERD and b) left hand beta ERD, while the bottom panel shows mean images of the c) right hand PMBR and d) left hand PMBR for each group. Patients in each group showed strong beta responses in the bilateral primary motor cortices, although activity was of noticeably lower power in the RD patient group compared to the LD patient group. As can be discerned, left hand movements generated higher-amplitude beta responses compared to right hand movements. Axial slices are shown in radiologic convention (right = left).Fig. 2Fig. 3Temporal evolution of beta activity in the left and right primary motor cortices. To more precisely examine the dynamics of beta activity in patients with left-dominant (LD; blue line) and right-dominant (RD; red line) symptomatology, the beamformer images were averaged across both groups, and virtual sensors (i.e., voxel time series) were extracted from the peak voxels. Time series from the peak voxels of the beta ERD in the left and right primary motor cortices are shown. Those corresponding to the PMBR peaks showed similar trajectories (not shown), as the peak voxels were spatially adjacent to those of the beta ERD (see [Fig. 1](#f0005){ref-type="fig"}). In all panels, time (in s) is denoted on the x-axis (movement onset = 0.0 s) and relative power (expressed as percentage from baseline) is shown on the y-axis. Shaded areas around each line denote standard error of the mean (SEM). Patients with RD symptomatology showed reduced beta ERD responses (i.e., less desynchronization) prior to and during movement, as well as a reduced PMBR power (i.e., less synchronization) after movement, compared to patients with LD symptomatology.Fig. 3Table 2Linear mixed model analysis.Table 2Beta ERDPMBR*F*-valuedf*p*-Value*F*-valuedf*p*-ValueEffects Corrected model**5.4337,74\< 0.001**1.9267,740.077 Affected side (LD, RD)**11.1191,740.0018.4641,740.005** Hand moved (left, right)**16.0231,74\< 0.001**0.3231,740.572 Hemisphere (contra, ipsi)**6.4911,740.013**0.6871,740.410Interactions Affected side × hand1.0711,740.3040.0701,740.792 Affected side × hemisphere0.0671,740.7960.2411,740.625 Hand × hemisphere1.7231,740.1931.6601,740.202 Affected side × hand × hemisphere0.2881,740.5933.8151,740.055[^3][^4]

Finally, we calculated the partial correlation between neural asymmetry indices and symptom asymmetry, controlling for symptom severity (i.e., total UPDRS score from left and right subscores). We found a significant correlation between right hand beta ERD asymmetry and symptom asymmetry, *r*(15) = 0.530, *p* = 0.029, such that the more LD the symptom profile, the more left-lateralized the beta ERD, and in contrast, the more RD the symptom profile, the more right-lateralized the beta ERD response (see [Fig. 4](#f0020){ref-type="fig"}). We performed the same calculations using the PMBR amplitude from the left and right precentral gyri to determine the asymmetry of the PMBR response; values from the left hand correlated with symptom asymmetry, *r*(15) = 0.486, *p* = 0.048, such that the more right-lateralized the symptom profile, the more right-lateralized (i.e., contralateral to movement) the PMBR response, and vice versa. No other correlations were significant.Fig. 4Relationship between symptom asymmetry and neural asymmetry. Asymmetry of UPDRS/MDS-UPDRS symptoms is shown on the y-axis, while asymmetry of right hand beta ERD power in the primary motor cortices is shown on the x-axis. Negative UPDRS asymmetry values reflect patients who had symptoms that were left-dominant, while positive values reflect patients whose symptoms were right-dominant. Negative neural asymmetry values reflect relatively greater beta ERD in the left (contralateral to movement) primary motor cortex, while positive neural asymmetry values reflect relatively greater beta ERD in the right (ipsilateral to movement) primary motor cortex. There was a significant relationship between symptom asymmetry and neural asymmetry, *r*(15) = 0.486, *p* = 0.048, such that the more left-lateralized the symptomatology, the more left-lateralized the beta ERD, and in contrast, the more right-lateralized the symptomatology, the more right-lateralized the beta ERD response, controlling for symptom severity.Fig. 4

4. Discussion {#s0060}
=============

Our goal in this study was to identify the motor-related neural correlates of symptom asymmetry in patients with PD. We found that patients with LD symptomatology had significantly greater peri-movement beta ERD power (i.e., more negative relative to baseline) as well as greater PMBR activity (i.e., more positive relative to baseline) compared to patients with RD symptomatology, regardless of whether they were moving their right (less affected) or left (more affected) hand. Further, there was a significant correlation between symptom asymmetry and neural asymmetry for the right hand, such that the more left-lateralized the symptom profile, the more left-lateralized the beta ERD activity (i.e., greater beta ERD contralateral to movement), and the more right-lateralized the symptom profile, the more right-lateralized the beta ERD (i.e., greater beta ERD ipsilateral to movement). Below, we discuss the implications of these findings for understanding the cortical basis of symptom laterality in PD, and the recent discussions of distinct clinical outcomes among LD and RD patients.

Prior behavioral data suggests that patients with PD who have a LD symptom profile have a more favorable symptom trajectory than those with a RD profile, including a shallower symptom trajectory, longer disease duration, reduced muscle fatigue, and delayed ambulatory depletion ([@bb0020], [@bb0065], [@bb0195]). Despite the growing body of literature suggesting a behavioral dissimilarity between LD and RD patients with Parkinson\'s, the underlying neural mechanisms remain largely unknown. To at least some extent, this is because most studies to date have combined patients with LD and RD symptomatology, in order to focus on the more general effects of PD on brain structure and function. Our previous MEG investigation compared beta ERD and PMBR amplitude in patients with PD compared to healthy controls during the same finger-tapping movement of the right hand ([@bb0125]). We found that patients with PD had abnormally reduced beta ERD amplitude prior to and during movement, as well as marginally reduced PMBR amplitude following movement termination, compared to healthy age-matched adults ([@bb0125]). These results provided preliminary evidence that movement-related beta oscillatory activity may be a good candidate by which to investigate differences *within* the PD population. Indeed, in accordance with our hypothesis and in line with these findings, the current results show that patients who exhibited a LD symptom profile have significantly stronger beta ERD and PMBR responses (i.e., more healthy) during movement compared to those with RD symptomatology, regardless of whether they were moving their more-affected or less-affected side. This is in agreement with one recent single-photon emission computed tomography (SPECT) study by Scherfler and colleagues that examined levels of striatal dopamine transporter uptake between patients with PD and healthy controls, as well as between patients with LD and RD symptomatology ([@bb0220]). This study showed a reduction in dopamine transporter uptake between patients with PD and healthy controls, and that this reduction was more targeted to the left putamen than the right ([@bb0220]). Importantly, total dopamine uptake depletion in the left and right putamen was significantly greater in patients with RD compared to LD symptom profiles ([@bb0220]). Taken together, it is possible that the greater dopamine depletion in the putamen of patients with RD relative to LD symptomatology strongly alters the local physiology, and that these alterations disrupt brain activity in higher-order structures like the motor cortex, as evidenced by the reduction in beta ERD and PMBR power in the current study.

There is a wealth of positron emission tomography (PET) and magnetic resonance spectroscopy (MRS) data showing resting-state metabolic and dopamine receptor asymmetries in the basal ganglia of patients with PD, which correlate with the degree of symptom asymmetry ([@bb0005], [@bb0040], [@bb0055], [@bb0190], [@bb0210]). However, few studies have examined aberrations in cortical neurophysiology while controlling for, but not directly investigating differences in, symptom laterality in patients with PD ([@bb0100]; ([@bb0200], [@bb0295]). Thus, the relationship between this subcortical asymmetry and cortical dynamics was largely unknown. In the current study, we found that there was a significant relationship between the asymmetry of beta ERD power during right hand movements in the contralateral and ipsilateral motor cortices and symptom asymmetry (LD, RD). We were initially surprised that this relationship was unique to the right hand, but we suggest that this might be due to the overall difference in beta ERD asymmetry between the left and right hands across patient groups. Basically, our results suggest that the healthy pattern of neural physiology (i.e., bilateral activation with greater activity in the hemisphere contralateral to movement) remains somewhat intact in patients with a LD symptom profile, regardless of whether the movement is with the left or right hand. On the contrary, patients who exhibit a RD profile show less lateralized (i.e., more aberrant) beta ERD responses during right hand movements compared to LD patients. This, coupled with the overall reduced beta ERD amplitude during both left and right movements and in both hemispheres in these patients, suggests a greater impact of RD symptomatology on overall physiology throughout the entire motor network, with particularly severe aberrations for the right hand, which is in line with prior behavioral and metabolic data.

In sum, our study was the first to directly compare the laterality of motor-related beta oscillatory responses with symptom asymmetry in patients with PD whose symptoms were either LD or RD. Patients who had LD symptomatology had significantly greater peri-movement beta ERD amplitude in the left primary motor cortex during right-hand movements compared to patients with RD symptomatology. Further, despite differences in overall beta power between LD and RD patients, we found a significant relationship between peri-movement beta ERD laterality and symptom asymmetry across groups in the right hand, such that the more LD the symptoms, the more LD the beta ERD response. Future work should aim to elucidate the underlying cause of behavioral and neurophysiological differences between patients with LD and RD symptom profiles. Further, recent studies have identified several other Parkinson\'s subtypes, based on motor subtypes, movement complications, etc. ([@bb0245]), and the neurophysiology of these subtypes should also be the focus of future work. Thus, the complex interactions between Parkinson\'s subtype, side of disease onset, and physiology remain to be discovered and are likely critical. Nonetheless, this study highlights the importance of taking patient symptom heterogeneity into consideration in research and the clinic, and suggests that future clinical and translational research studies should strongly consider dividing patients with PD into LD and RD subgroups. This study also provides preliminary evidence of the neurophysiological basis of preferential behavioral outcomes of LD patients compared to RD patients. Future studies should evaluate potential treatment differences among LD and RD patients, and consider monitoring the course of disease progression in separate LD and RD subgroups.
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[^1]: Notes: Pram = pramipexole; Ras = rasagiline; CD/LD = carbidopa/levodopa; Rop = ropinirole; Aman = amantadine; Sel = selegiline; Rot = rotigotine.

[^2]: Excluded from analysis.

[^3]: ^⁎^Boldface denotes significance (*p* \< 0.05).

[^4]: ^⁎^Contra = contralateral to movement, ipsi = ipsilateral to movement.
